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In semiconductor spintronic devices, the semiconductor is usually lightly doped and nondegen- 
erate, and moderate electric fields can dominate the carrier motion. We recently derived a drift- 
diffusion equation for spin polarization in the semiconductors by consistently taking into account 
electric-field effects and nondegenerate electron statistics and identified a high-field diffusive regime 
which has no analogue in metals. Here spin injection from a ferromagnet (FM) into a nonmagnetic 
semiconductor (NS) is extensively studied by applying this spin drift-diffusion equation to several 
typical injection structures such as FM/NS, FM/NS/FM, and FM/NS/NS structures. We find 
that in the high-field regime spin injection from a ferromagnet into a semiconductor is enhanced 
by several orders of magnitude. For injection structures with interfacial barriers, the electric field 
further enhances spin injection considerably. In FM/NS/FM structures high electric fields destroy 
the symmetry between the two magnets at low fields, where both magnets are equally important 
for spin injection, and spin injection becomes locally determined by the magnet from which carriers 
flow into the semiconductor. The field-induced spin injection enhancement should also be insensi- 
tive to the presence of a highly doped nonmagnetic semiconductor (NS + ) at the FM interface, thus 
FM/NS + /NS structures should also manifest efficient spin injection at high fields. Furthermore, 
high fields substantially reduce the magnetoresistance observable in a recent experiment on spin 
injection from magnetic semiconductors. 

PACS numbers: 72.25.Dc, 72.20.Ht, 72.25. Hg, 72.25.Mk. 



I. INTRODUCTION 



Semiconductor devices based on the control and ma- 
nipulation of electron spin (semiconductor spintronics) 
have recently attracted considerable attention since the 
discovery of long spin relaxation times and large spin 
transport distances in semiconductors and various de- 
vice structures IU'EI In order to design and fabricate high- 
performance spintronic devices, a comprehensive under- 
standing of spin transport and injection properties of 
semiconductors and heterostructures is needed. 

In theoreticaLstiidies of spin transport and injection in 
semiconductorsBQLffl the spin polarization is usually afe 
sumed to obey the same diffusion equation as in metals,Q 



a drift-diffusion equation for spin polarization, 



(1.1) 



where ^|(x) is the electrochemical potential of up-spin 
(down-spin) electrons. In this diffusion equation, the 
electric field does not play any role, and spin polariza- 
tion decays away on a length scale of L from an injection 
point. This is reasonable for metals because the elec- 
tric field E is essentially screened. For semiconductor 
spintronic devices, however, the semiconductor often is 
lightly doped and nondegenerate, and a moderate elec- 
tric field can dominate the carrier motion. In fact, ex- 
periments have shown that electric fieldsj-jcan affect spin 
diffusion in semiconductors dramatically.utl 

In Ref. we examined the role of electric field on spin 
transport in nondegenerate semiconductors and derived 
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where J^m) is the deviation of up-spin (down-spin) elec- 
tron density from its equilibrium value, ks the Boltz- 
mann constant, and T the temperature. This equation 
consistently takes into account electric-field effects and 
nondegenerate electron statistics. We identified a high- 
field diffusive regime which has no analogue in metals. 
This regime occurs for field as small as 1 V/cm at low 
temperatures. Two distinct spin diffusion lengths now 
characterize spin motion, i.e., up-stream (L u ) and down- 
stream (Ld) spin diffusion lengths. This is a further ex- 
ample of the analogyOH3 between up/down-spin electron 
in semiconductor spin transport and majority/minority 
carriers in semiconductor charge transport, where the 
presence of electric field also results in two charge diffu- 
sion lengths £j We applied this spin drift-diffusion equa- 
tion to study spin injection from a ferromagnet into a 
semiconductor, and showed that the electric-field effects 
on spin injection could be described in terms of the two 
field-induced spin diffusion lengths in the semiconductor. 

In this paper, first, we derive a more general drift- 
diffusion equation of spin polarization valid for both 
doped semiconductors a nd m etals, a nd d emonstrate the 
development from Eq. (1.2) to Eq. ( [TTl| ) as the system 
changes from nondegenerate to degenerate. We estab- 
lish the relation between the electrochemical potential 
splitting and density imbalance of up-spin and down-spin 
electrons in nondegenerate systems, and clarify the two 
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spin polarizations, i.e., spin polarization of current and 
spin polarization of density. We then use the spin drift- 
diffusion equation for nondegenerate systems, Eq. (1.2), 
to analyze several typical one-dimensional device geome- 
tries. We find that high fields also enhance spin injection 
from a ferromagnet to a semiconductor in structure, with 
a spin-selective barrier. Rashba,cl Smith and SilverE Fert 
and Jaffres,H and Flatte, Byers, and Lau in Ref. || have 
considered such a barrier in the low- field regime. The 
field enhancement and the interface enhancement of spin 
injection may reinforce each other to achieve high injec- 
tion efficiencies in different structures. 



Next, we study spin injection in sandwiched 
FM/NS/FM structures with and without spin-selective 
interfacial barriers. At low fields the two magnets are 
equally important to determine spin injection into the 
semiconductor and the spin injection efficiency is sensi- 
tive to the relative orientation of the two magnets. We 
find that in the high-field regime, this symmetry is broken 
and spin injection is locally determined by the magnet 
from which carriers are injected into the semiconductor. 
The spin injection efficiency can be enhanced by orders 
of magnitude by increasing the electric field for both par- 
allel and anti-parallel orientation of the two magnets. 

We further consider FM/NS+/NS structures, where 
a highly doped nonmagnetic semiconductor (NS + ) is 
placed near the magnet interface. Such a configuration 
is common in structures designed to overcome the Schot- 
tky barrier between a magnet and a semiconductor, and 
is intrinsic to FM/InAs, where densely occupied surface 
states form at the interface. We find that spin injection 
at the strong-field limit in such a structure is controlled 
by the total electric current flowing into semiconductors 
and insensitive to the distinction between semiconduc- 
tors. Thus high fields can effectively enhance spin injec- 
tion in such structures as well. 

Finally we explore electric-field effects on magne- 
toresistance of a magnetic semiconductor (MS)/NS/MS 
structure. A magnetic semiconductor can have extremely 
large spin polarization at low temperatures and the mag- 
netization can be easily adjusted by applying an external 
magnetic field. A large positive magnetoxesistance have 
been observed in MS/NS/MS structures.^ We find that 
this magnetoresistance collapses in the high-field regime, 
suggesting a sensitive test of the electric-field effects on 
spin transport in semiconductors. 

The paper is organized as follows. In Sec. 11 we review 
the general spin drift-diffusion equation in nondegener- 
ate and degenerate systems and analyze the field-induced 
spin diffusion lengths. In Sec. Ill we investigate spin 
injection in FM/NS structures with an interfacial bar- 
rier. Sections IV and V contain results on spin injection 
in FM/NS/FM structures and in FM/NS/NS structures, 
respectively. Section VI is devoted to the electric-field 
effects on magnetoresistance in MS/NS/MS structures. 
In Sec. VII, we summarize our conclusions. 



II. ELECTRIC FIELD AND SPIN TRANSPORT 

In this section we derive a more general drift-diffusion 
equation for spin polarization valid in both degener- 
ate and nondegenerate systems and discuss the electric- 
field effects on spin transport by analyzing the struc- 
ture of this equation. Discussion of the drift-diffusion 
equations of carrier motion in semiconductors involving 
spin-dependent processes can be tracked back decades 
ago. Pierce et al. incorporated spin relaxation in a one- 
dimension diffusion model of up-spi&,and down-spin car- 
rier densities at zero electric field.113 Sogawa et al. in- 
vestigated spin transport in wires with a set of complete 
drift-diffusion equations for minority carriers, which ex- 
plicitly include spin-flipj-apd recombination processes as 
well as the electric field.E3 More recently Zutic et al. dis- 
played such equations for both minority and majority 
carriers.113 Usually extensive numerical calculations are 
required to solve the set of drift-diffusion equations to- 
gether with the Poisson's equation self-consistently. The 
spin drift-diffusion equation we derive is a single equation 
instead of a set of equations and can be solved analyti- 
cally in several interesting geometries. The role of this 
spin drift-diffusion equation in spin transport is similar 
to that of the ambipolar drift-diffusion equation in charge 
transport. 



A. Drift-diffusion equation for spin polarization 

The system we consider here is n-doped (p-doped sys- 
tems can be analyzed similarly) , which can be ferromag- 
netic or nonmagnetic. The analysis presented in this sec- 
tion is valid not only in doped semiconductors but also in 
metals. We assume that there is no space charge and the 
material is homogeneous. The current for up-spin and 
down-spin can be written as 



(2.1a) 
(2.1b) 



which consists of the drift current and the diffusion one. 
Here is the up-spin (down-spin) electron diffusion 

constant and cr^^ the up-spin (down-spin) conductivity. 
The change of up-spin (down-spin) conductivity from its 
unperturbed value in the presence of spin polariza- 
Ojn)! i s assumed to be propor- 
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tional to Jijm, ^ ne u P~spin (down-spin) electron density 
deviation from its equilibrium value n9 
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Here the mobility ^j(j) is independent of field and density 
over the range of density variation 

The continuity equations for up-spin and down-spin 
electrons in systems including spin-flip scattering process 
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where r*i 



(r,| ) is the rate with which up-spin (down- 
spin) electrons scatter to down-spin (up-spin) electrons. 
Here the recombination process is neglected because the 
system we consider is doped (unipolar). In steady state 
[dn^[i)/dt = 0], we have 



V<t t • E + (7j V • E + eD|V nt 



Vo-j • E + ct x V • E + eD l V 2 n l 



^-^)e, (2.5) 



(2.6) 



where V • E = — e(n-p + ^j.)/e, and e is the dielectric 
constant of the system. 

For a homogeneous system without space-charge, n-\ + 
should be balanced by a local change of hole con- 
centration. In doped systems, however, spin polariza- 
tion can .he-created without changing electrons or hole 
densitiesjiinia and therefore, 



n T + n l = 0. 



(2.7) 



Care is require d, ho wever, to asipid setting V ■ E = 
direc tly in Eqs. ( |2.5| ) and (2.6). E3 Instead we multiply 
Eq. (2.5) by o\ and Eq. (|2.6|) by cr-p , and substract one 
from the other, eliminating the terms containing V • E. 
Only then do we set u-f + Jij. = 0. Now we have 

9 , , v „ . . nt — fit 

V 2 (n T - H ) + — eE • V(n T - n x ) - -I^-i = 0, 

(2.8) 

where the effective mobility v and the effective diffusion 
constant D for spin polarization are 



For nonmagnetic systems, 



T 



and 13 



Z)| = £>. For ferromagnetic systems, v and D are ap- 
proximately the mobility and the diffusion constant for 
the lower-conductivity spin species, usually the minority 
spins. We will assign the down-spin label to this species, 
so v ~ vi and D ~_Di . Thus the coefficient of the sec- 
ond term in Eq. (2.8) can be approximated from the 



single-band form of the Einstein relation,E3 



eD 



N(£)f (£)d£, (2.11) 



where £ is the energy measured from the bottom edge of 
the conduction band for the minority spin, N(£) is the 
density of states for the minority spin and /o the dis- 
tribution function. A more accurate evaluation of v/eD 
when ^ vi could not be done without knowledge of, 
e-g-, i'tM- 

One special exception exists, however, for nondegener- 
ate semiconductors, where /o has the Boltzmann form, 
/„ ~ e -£/k B T^ and v j eD = i/k BT we obtain Eq. 

(1.2) to describe the transport of W[ — the natural 



measure of the spin polarization in semiconductors. We 
emphasize that Eq. (1.2) is also valid for highly spin- 
polarized (including ferromagnetic) nondegenerate semi- 
conductors. 



For degenerate systems, /o in Eq. (2.11) should have 
the Fermi-Dirac form. In a three-dimensional (3D) sys- 
tem, N(£ ) = A£ 1 / 2 , we have approximately 



v_ _ 1 F_ 1/2 [{e F -e\)/k B T] 
~eD ~ 2k B T F 1/2 l(e F -e b ,)/k B T] ' 



(2.12) 



where Sf is the Fermi energy, the bottom edge of 
the conduction band fo& the minority spin, and F n (£) 



Jo dx 



tern, N(£) is a constant, 



1] 1 . 113 In a two-dimensional (2D) sys- 
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D = 



cr-f + a L 

CT| + (7 1 



And 



(2.9a) 
(2.9b) 

(2.10) 



We can define a critical field 



is the intrinsic spin-diffusion length, where the spin relax- 
ation time ts is defined via r^ 1 = + r^j. . Equations 
( |2.9a ) and (2.9b) indicate that the behavior of spin trans- 
port is controlled by the minority spin species. This is 
analogous to the ambipolar charge transport, where mi- 
nority charge cacciers determine the behavior of excess 
charge transport £3 



E, 



-(—)' 

eL\eDJ 



(2.14) 



such that when E > E c , the drift term will be more 
important than the diffusive term in Eq. 



(2- 



and ne- 
glecting the electric-field effects on spin transport in this 
regime cannot be justified. In Fig. 1, we plot E c as a 
function of electron density for different temperatures in 
2D and 3D n-doped GaAs using a typical spin diffusion 
length L = 2 (imU We can see that for electron densities 
ranging from 10 15 to 10 18 cm -3 the critical field E c is 
not beyond realistic fields under which spintronic devices 
operate. In particular, at low temperatures E c can be as 
low as 1 V/cm in lightly and moderately doped semicon- 
ductors. Even for 100% spin polarized n-doped ZnMnSe, 
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FIG. 1: Critical field E c as a function of electron density for 
different temperatures in 3D systems. The inset is for 2D 
systems. The effective electron mass m* = 0.067 mo, where 
mo is the free electron mass. 



temperatures of greatest .interest and moderate density 
the corrections are small.Ej 

Equation (|h^) provides a framework to understand 
spin t ransport in nondegenerate semiconductors, and 
Eqs. (2. £- [2. 13 ) in moderately degenerate semiconduc- 
tors. We sec that the electric field, unlike that in metals, 
play s a central role on spin transport. Comparing Eq. 
( |l.2[ ) with the drift-diffusion equation of minority carri- 
ers (electrons) in p-doped semiconductorsjiia 



no) + 



eE 



V(n - n ) - 



= 0, (2.17) 



where L e i s th e intrinsic el ectro n diffusion length, we find 
that Eq. ( |l.2| ) and Eq. ( 2.17 ) have the same structure 
and the electric field is expected to play a similar role 
in both situations. For minority carrier transport it is 
well-known that the electric field gives rise to two dis- 
tinct charge diffusion lengths and considerably modifies 
minority charge injection. 



n = 10 18 cm 3 , the drift term is relevant for E > 200 
V/cm at T < 30 K. Thus the electric field should be 
taken into account to properly interpret phenomena in- 
volving spin transport in both magnetic and nonmagnetic 
semiconductors . 

For highly degenerate systems such as metals, in which 



e F - el ~ 10 cV > k B T, from Eqs. ((2T§) and ( pT3| ), 
v/eD = 3/2(ep — ej) for a 3D system and v/eD — 
X/{ep — e ,) for a 2D system. For a typical spin diffu- 
sion length of metal, L ~ 100 nm, the field has to exceed 
10 6 V/cm for the drift ter m t o become comparable to 
the diffusion term in Eq. (|2.8| ). Thus in metals under 
realistic fields the drift term can be neglected. Using 
the relation between the electrochemical potential, /i-f(x), 
and the nonequilibrium carrier density, fifm, in a highly 
degenerate system 



n TU) = eJV T(l)( £ f)h(l) 



zip], 



(2.15) 



where N^^(ef) is the up-spin (down-spin) density of 
states at the Fe rmi energy, and E= —Vip, we find that 
Eqs. (O) and (fPI) reduce to 
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(2.16) 



which is consistent with Eq. (2.18) in Ref. [T^, the spin 
transport equation derived for me talli c systems. It is 
straig htfor ward to see that Eq . (ll . l| ) is contained in 
Eq. ( 2.16] ). In deriving Eq. ( ^.lq ) we have assumed 
that the spin-dependent conductivity is proportional to 
the spin-dependent density of states at the Fermi level, 
CT T l a i = ( £ f)/Ni (ef) ■ The effects of electron-electron 
interaction (alterations of the spin stiffness, spin drag, 
etc.) will modify the value of v/eD, although for the 



B. Spin diffusion lengths 



The spin drift-diffusion equation (2.8), together with 



the local charge neutrality constraint Eq. (2.7), dramati- 
cally alters the spin transport behavior in semiconductors 
from that expected from Eq. ([0]). The general solution 
to Eq. (1.1) (restricting variation to the x-direction) is 



A*T ~ Ml = exp(— x/L) + A 2 exp(x/L), (2.18) 

where A\ and A 2 are co nsta nts. In contrast the general 
form of solution to Eq. (1.2) is 



»f - n; = Ai exp(-x/Li) + A 2 exp(—x/L 2 ), (2.19) 

where Ai = 1/Li and A 2 = 1/L 2 are the roots of the 
quadratic equation, 



A 2 - XvE/D - l/L 2 = 0. 



(2.20) 



To understand the physical consequence of the electric 
field on the spin diffusion, we suppose that a continuous 
spin imbalance is injected at x = 0, (n-\ — nj.)|o, an d 
the electric field is along the —x direction. The spin 
polarization will gradually decay in size as the distance 
from the point of injection increases and eventually go 
to zero at ±oo. The distribution of the spin polarization 
then can be described by 

n T ~ n l — ( n T ~ n l)lo exp(— x/Ld), x > 0, (2.21a) 

n-f — ni = (n-f — ni)\o exp(a;/L u ), x < 0, (2.21b) 

where we define two quantities Ld and L u as the down- 
stream and up-stream spin diffusion lengths, respectively, 
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and LuLrf = L 2 . HerevJeD in 3 D an d 2D systems can 
be evaluated via Eqs. ( 2.12] ) and (2.13), respectively. For 
nondegenerate semiconductors, Eqs. fl2.22a ) and (2.22b) 
reduce to 



L i, 



\eE\ 
2k B T 



\eE\ 
2k B T 



eE 
2k B T 



V- 
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\2k B TJ 
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(2.23a) 



(2.23b) 



Equation ( |2.23a ) was reported in Ref. ^l|. 

In the absence of the field, the down-stream and up- 
stream lengths are equal to the intrinsic diffusion length 
L. With increasing field the down-stream diffusion length 
Ld increases, whereas the up-stream diffusion length L u 
decreases. It was also shown in Ref. ^j] that spin trans- 
port distance in semiconductors can be increased by an 
electric field (down-stream diffusion length), but the up- 
stream diffusion length was not discussed. A high-field 
regime for spin transport in semiconductors can be de- 
fined by E > E c , where eE c /k B T = 1/L. In this regime, 
L u and Ld deviate from L considerably and the spin dif- 
fusion behavior is qualitatively different from that in low 
fields. We emphasize that since L is large in semiconduc- 
tors, this regime is not beyond realistic fields where most 
spintronic devices operate. For a typical spin diffusion 
length in semiconductors, L = 2 /imp E c = 125 V/cm at 
T = 300 K and E c = 1.25 V/cm at T = 3 K. 

The physics of the field effects on the spin diffu- 
sion becomes clearer at the strong- field limit, where 
\eE\/k B T 3> 1/L. In this limit, the electrons move with 
drift velocity \E\v e and so does the spin polarization. Ld 
is simply the distance Qyer which the carriers move within 
the spin life time TgJljEil 



\eE\ 



L 2 = 



e\E\ 



-Dt s = v e \E\r s . 



k B T k B T 
For the up-stream diffusion length L u at this limit 



(2.24a) 



L u ~ k B T/\eE\, 



(2.24b) 



which simply corresponds to aJ3oltzmann distribution of 
electrons in a retarding field.E3 



C. Carrier densities versus electrochemical 
potentials 

In the literature of spin transport in metals, the spin 
polarization is usually described by the splitting of elec- 
trochemical potentials for up-spin and down-spin elec- 
trons. For nondegenerate semiconductors, the density 
difference between up-spin and down-spin electrons is a 



natural way to characterize the spin polarization. It is 
therefore useful to establish the connection between these 
two quantities. 

The electrochemical potentials for up-spin and down- 
spin electrons in a semiconductor are related to their den- 
sities via 



exp 



( Mffl) ~ Mo 
V k B T 



(2.25) 



where /io is the value that the electrochemical potential 
would have without spin polarization, 



Vmo = (e/c s )J, 



(2.26) 



where a s is the electrical conductivity of the semiconduc- 
tor and J is the total electrical current. In a doped semi- 
conductor with a homogeneous carrier concentration, the 
electrochemical potential at postion x is given by 



Mo 



(e/cr s )J • x - B = eE • x - B, 



(2.27) 



where B is a constant. Thus the electrochemical poten- 
tials for individual spins are 



MTU) 



k B T\n ( 1 



H(l) 
l Ul) 



eE-x-B. 



(2.28) 



The electrochemical potential splitting, ji^ — fj,^, and the 
density difference, nj — n^, between up-spin and down- 
spin electrons then are related via 



M| - Ml = k B T\n 



1 



1 



(n T - n x )/2n° 



(2.29) 



Therefore it is advantageous to use — n± instead of 
/if — /i| to describe spin transport in semiconductors, for 
the spin drift-diffusion equation is linear in terms of the 
former, but would be nonlinear in terms of the latter. 
When /u-f — Hi <C k B T, 



(n-f — n\)i —q + 



1 



2n° 



1 



M ~M| 
k R T 



(2.30) 



and we have the drift-diffusion equation for the electro- 
chemical potential splitting, 



V 2 (/x T - W ) 



eE 

k^f 



V(mt -M|) - 



MT ~ Ml 
L 2 



= 0. 
(2.31) 



In this linear differential equation for //j — m, the electric 
field still plays a central role and there are two distinct 
diffusion lengths, i.e., the down-stream (Ld) and the up- 
stream (L u ) diffusion lengt hs, fo r fi-t — /ii . Thus spin 



transport predicted by Eq. (2.31) would be still qualita- 
tively different from that expected from Eq. (1.1). 
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D. Current versus density spin polarization 

There exist two definitions in literature to characterize 
spin polarization in nonmagnetic semiconductors. One 
definition uses the density difference between up-spin and 
down-spin electrons, 



P(x) 



(2.32) 



where no = 2n-m) is the total electron density. The other 
uses the current difference between up-spin and down- 
spin electrons, 



a(x) = — -. 



(2.33) 



Generally speaking, these two spin polarization are dif- 
ferent, although they are related. To find the relationship 
between these two polarizations in a homogeneous non- 
magnetic semiconductor, we note that 



JT - h = e ( n 1 - n{)vE + eD 



rf ("T - ni) 
dx 



(2.34) 



By using the local charge neutrality condition Eq. (2.7) 
we obtain 



a(x) = P(x) + 



D dP 

uE dx 



(2.35) 



For a steady spin imbalance injected at x — 0, as dis- 
cussed inSec. II. B, acco rding to the general solution of 
Eqs. (|2.21a| ) and ( |2.21b| ), 



d ( n 1 - n i) 
dx 

dx 



L, 



-(n t 



x>0, (2.36) 
x < 0, (2.37) 



and the relation between the spin polarization of current 
a(x) and the spin polarization of density P(x) can be 
written as 



a(x) = P(x) 
for x > 0, and 

a(x) = P(x) 



i 



\eDJ eEL d 



(JL y x -L 



\eDJ eEL v 



(2.38) 



(2.39) 



for x < 0. v/eD is Eq s. ((2.3§|) and (2.39) can be calcu- 



lated using Eqs. ( 2.12 ) and Q2.13j ) for 3D and 2D systems 
with different doping concentrat ions and temperatures. 
In the nondegenerate limit, Eq. (2.38|) reduces to 



a(x) = P(x)[ 1 



eEL d J ' 



Y 



(2.40) 



which is equivalent to Eq. (5) in Ref. |T], where the au- 
thors studied magnetization (P) in the presence of cur- 
rent with a given spin polar ization (a) in semiconductors. 
In the meantime Eq. (2.39) reduces to 



a(x) = P(x) \ 1 + 



k B T 
eEL u 



(2.41) 



Thus in semiconductors a(x) is proportional to P{x), and 
the ratio between them depends on the electric field and 
its direction. 



III. FIELD ENHANCED SPIN INJECTION IN 
FM/NS STRUCTURES 

We first consider a simple one-dimensional spin in- 
jection structure to elucidate the underlying physics of 
electric-field enhanced spin injection. This injection 
structure comprises a semi-infinite degenerate ferromag- 
net (x < 0) and a semi-infinite nonmagnetic nondegener- 
ate semiconductor (x > 0). Electrons are injected from 
the magnet into the semiconductor, and therefore, the 
electric field is antiparallel to the x-axis. In the fer- 
romagnet the ele ctroc hemical potentials for individual 
spins satisfy Eq. (2.16), which has the following general 
solution: 



1 

eJ 



/'t 
/'I 




(3.1) 



where c^n) is the up-spin (down-spin) electrical conduc- 
tivity of the fcrromagnet, and J is the total electron 
current, which is a constant throughout the structure in 
steady state. We use and to denote the intrin- 
sic spin diffusion length in the ferromagnet and in the 
semiconductor, respectively. 

In the semiconductor, up-spin and down-spin electron 
densties satisfy the spin drift-diffusion equation for non- 
degenerate systems, Eq. ( [L~2]) , as well as the local charge 
neutrality condition, Eq. (2/7). The general solution can 
be written as 



ru) 



+(-)Aexp(-x/L d ), 



(3.2) 



and accordingly the electrochemical potentials for indi- 
vidual spins are 



MTU) 



= /chTIii 



i + H 



2Ae~ x / Ld 



no 



+ eEx - B. (3.3) 



Here rio is total electron density. 

In general, a Schottky barrier will form between the 
magnet and the semiconductor when the two materials 
are placed together. Since the charge neutrality condition 
would be severely violated in the depletion region of a 
Schottky barrier, a wide depletion region is undesirable 
for spin transport and spin coherence. Specifically the 
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presence of holes dramatically shortens the electron spin 
coherence time. We consider instead structures with a 
very thin interfacial barrier between the magnet and the 
semiconductor. A spin-selective interfacial barrier was 
examined in Refs. |^,^,||,|| as a way to circumvent the 
resistance mismatch obstacle for spin injection from a 
ferromagnetic metal into a semiconductor. If there is no 
spin-flip scattering at the interface, the current for an 
individual spin is continuous across the interface and is 
related to the spin-dependent electrochemical potential 
change across the interface via Ohmic's law, giving rise 
to the following boundary conditions: 



it(o-) 
it(o-) 



g t [mt(o + )-mt(o-)], 
ii(o-)=i T (o + )-ii(o + ), 



(3.4a) 
(3.4b) 
(3.4c) 



where G-m) is the interfacial conductance for up-spin 
(down-spin) electrons and the current of individual spins 
j'm) can be calculated via ej|(|) = a^i)d^(i) / dx. These 
three equations completely determine the three unknown 
coefficients A, B, C in Eqs. (3.1)-(3.3). 



Th e solu tion of Hfm in Eq. (3.2) and the relation of 



Eq. (2.40) indicate that in the semiconductor a(x) 



a e 



where ao is the spin injection efficiency at the 



interface. We obtain an equation for ao, 



G7 



p f (G 



-l 

T 



G7 



+ ("o -Pf) 



G7 



2L& 



k B T ~k B T/eEL u 
in ■ 



a 



eEa s —ksT/eELy 



a 



(3.5) 



where 07 = <r| + cr| is the conductivity of the ferromag- 
net, a s = noev the conductivity of the semiconductor, 
and pf — ((T| — a^)/<Tf the spin polarization in the fer- 
romagnet. 

We solve this equation and plot the spin injection 
of current ao as a function of the electric field in Fig. 
2. We see that the electric field can substantially en- 
hance the spin injection efficiency in FM/NS structures. 
We note that spin injection enhancement from a spin- 
selective interfacial barrier between the ferromagnet and 
the semiconductor, which has been identified in the low- 
field regime,Qtffi becomes more pronounced in the high- 
field regime. 

In the small spin polarization limit, n^^/n <C 1, a(x) 
can be expressed in an explicit form, 



10 L 
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G t =2Gi=10 (£2cm ) 

G t =2G i =10 7 (i2cm 2 )" 1 



0.02 0.04 



0.06 

1. 
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0.1 
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a(x) — 



£(/) 



(l-p})a f 
p f L^ 



G T + G 



a s 4G T G X 
Gf - G| 



(l-p})a f 



4G T G 



-x/L d 



(3.6) 



This expression clearly shows that the electric field and 
the spin-selective interfacial resistance both enhance spin 
injection, but in different ways. The electric-field effects 
on spin injection can be described in terms of the two 
field-induced diffusion lengths. Both diffusion lengths 
affect spin injection favorably: The up-stream length 
L u controls the relevant resistance in the semiconduc- 
tor, which determines the spin injection efficiency. With 
increasing field this effective resistance, L u /a s , becomes 
smaller, and accordingly the spin injection efficiency is 
enhanced. The transport distance of the injected spin 



FIG. 2: Spin injection efficiency ao as a function of elec- 
tric field. The interfacial conductance for up-spin electrons 
is twice larger than that for down-spin electrons, Gj = 2Gj. 
Solid, dashed, and dot-dashed lines correspond to Gj = oo 
(transparent interface), 10 s , and 10 7 (fi cm 2 ) -1 , respectively. 
Other parameters are Pf = 0.5, Z/" = 60 nm, l/ s ' = 2 /im, 
and 07 = 100 a s = 10 3 (Q cm) -1 . 



polarization in the semiconductor, however, is controlled 
by the down-stream length Ld- As the field increases, 
this distance becomes longer. On the other hand, the 
spin-selective interfacial barrier provides another spin po- 
larization source besides the spin-aligned electrons in the 
ferromagnet and acts as a spin filter which permits elec- 
trons with a particular spin to pass through the inter- 
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face, and therefore enhances spin injection. Moreover, 
the spin-selective barrier has no effect on the transport 
distance of the injected spin polarization in the semicon- 
ductor. 

We now contrastp&jju (3J3) with that obta ined by pre- 
vious calculationsaoEltJ based on Eq. (1.1). The spin 
injection 



a(x) 



L (f) 



(l-p})a f 



£(') 



G<[ + G 



4G T G X 



(l-p})a f 4G T G X 



,-x/L^ 



(3.7) 



is given by the zero-field result of Eq. (3J3). For a trans- 
parent interface with GJ 1 = GJ 1 = 0, the effective resis- 
tance in the magnet, L^'/af, is much less than its coun- 
terpart in the semiconductor, L^/a s (as L^> -C L^ s ' 
and af ^> a s ). Thus Eq. (3.7) suggests that this resis- 
tance mismatch makes it virtually impossible to realize 
an appreciable spin injection from a ferromagnetic metal 
to a semiconductor without spin-selective interfacial bar- 
rier. However, the more general description of the spin 
transport in semiconductors indicates that the effective 
semiconductor resistance to be compared with L^'/at 
should be L u /a s rather than L^ s '/a s . Since L u can be 
smaller than by orders of magnitude in the high- 
field regime, this "conductivity mismatch" obstacle may 
be overcome with the help of strong electric fields, or 
equivalently, large injection currents. We note that al- 
though it has been realized that spin injection can be 
enhanced by increasing t he to tal injection current,B the 
treatment there used Eq. (1.1) to describe spin transport 
in nondegenerate semiconductors, where the electric-field 
effects were not taken into account. Thus the physics of 
the field-dependent spin transport was not captured and 
the treatment was incomplete. 

In the presence of the interfacial barrier, the relative 
importance of the two mechanisms for the spin injection 
efficiency enhancement, electric field and spin-selective 
interfacial barrier, depends on the relative magnitude 
of R f = LW/(1 -Pf)(Tf, R s = L^/a s , and Ri = 
(G| +G|)/4G|Gj , the resistances of the ferromagnet, the 
semiconductor, and the interface, which may vary from 
system to system. For systems with Ri 3> R s 3> Rf, the 
spin-selective interfacial barrier dominates in enhancing 
the spin injection efficiency. On the other hand, for sys- 
tems with R s ^> Ri 3> Rf or R s 3> Rf S> Ri, the electric 
field can enhance spin injection efficiently. The transport 
distance of injected spin polarization in the semiconduc- 
tor, however, can only be enhanced by the electric field, 
even in systems with Ri ^> R s ^> Rf. Furthermore, the 
two mechanisms have different temperature and field de- 
pendences. The field-enhanced spin injection efficiency 
increases with the electric field (current) and decreases 
with the temperature. The interface-enhanced spin in- 
jection likely depends on neither the field nor the tem- 
perature. 



To quantitatively demonstrate the electric-field effects 
on spin injection, we choose the realistic parameters of a 
spin injection device as follows: Pf = 0.5 and^C^ = 60 
nm (as in Co) ,£3 = 2 /^m (as in GaAs).El First we 
examine the structures without an interfacial barrier. 
For a ferromagmetic metal/semiconductor structure, e.g., 
Co/GaAs, (Tf ~ 10 4 a s , the spin injection efficiency in- 
creases from 2 x 10~ 6 at zero field to 2% at \eE\/ksT = 5 
nm -1 . For a ferromagnetic semiconductor with pf ~ 0.5 
and Of ~ 100 a s , the spin injection efficiency increases 
from 0.02% at zero field to 2% at \eE\/k B T = 0.05 nm" 1 , 
which corresponds to \E\ = 125 V/cm, or |J| = 1250 
A/cm 2 for a typical semiconductor conductivity a s = 10 
{ft cm)" 1 , at T = 3 K. 

Suppose there existed a spin-selective interfacial bar- 
rier between the magnet and the semiconductor with 
G T = 2G X = 10 7 cm 2 )- 1 . For the Co/GaAs structure, 
the spin injection efficiency would be 0.1% at zero field 
(much greater than 2 x 10~ 6 in a similar injection struc- 
ture without a spin-selective interfacial barrier), which 
can be further enhanced to 10% at \eE\jksT = 0.06 
mrr 1 , or E = 15 kV/cm at T = 300 K. For the spin 
injection structure from the ferromagnetic semiconduc- 
tor, the spin injection efficiency is 0.1% at zero field (also 
considerably greater than 0.02% in a similar structure 
without a spin-selective interfacial barrier), which can 
be further increased to 10% at \eE\/ksT = 0.05 nm -1 . 
Thus the combination of electric field and spin-selective 
interfacial barrier may help explain the .large spin injec- 
tion percentages from ZnMnSe to ZjjScJ^o from GaM- 
nAs to GaAsJa from Fe to GaAs,BBE3 as well as the 
dramatic increase in spin injection with current in Ref. 

m 

Figure 3 shows spin polarization of current (ao) and 
spin polarization of density (Pq) at the interfac e as a 
function of electric field. According to Eq. ( 2.40| ), 
Pq = ao(\eE\L u /ksT). We can see that in the low-field 
regime, the density polarization in the semiconductor is 
much smaller than the current polarization; whereas in 
the high-field regime, the two polarizations become equal. 
Thus the difference between high-field injection and low- 
field injection is that a strong electric field in high-field 
injection results in a macroscopic density difference be- 
tween up-spin and down-spin electrons; whereas in low- 
field injection the carrier densities of up-spin and down 
spin electrons remain the same. 

Another important quantity is the boundary resistance 
Rb, which can be used to analyze how easy a current can 
convert its spin while flowing from the magnet into the 
semiconductor, 



Rb 



Mo (0 + )-/io(0') 
eJ 



(3.8) 



which can be expressed in terms of the spin injection 
efficiency and the resistances of the magnet, the semi- 
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0.003 



0.004 



FIG. 3: Spin injection as a function of electric field. Solid and 
dashed lines describe spin polarization of current ao and spin 
polarization of density Pq at the interface, respectively. The 
lower curves are for transparent interface structure and the 
upper ones are for structure with a spin selective interfacial 
barrier, Gf = 2Gj = 10 7 (fi cm 2 ) -1 . Other parameters are 
the same as in Fig. 2. 



conductor, and the interface. 



Rb — 



G 1 + G 1 
4G T G i 



Pf 



L (/) 



4G T G X 



Pf 



G-[ — G± 
4G T G X 



(3.9) 



We plot Rb in Fig. 4 as a function of electric field. 
With increasing field, the boundary resistance decreases, 
indicating that the field helps current conversion from 
a higher polarization (in the magnet) to a lower po- 
larization (in the semiconductor). For structures with 
a transparent interface, in the small polarization limit 



Rb — 



P}) 



P} 



(3.10) 



which clearly shows that the boundary resistance is deter- 
mined by the up-stream diffusion length L u rather than 
ZA*) and should be a function of electric field. 



IV. SPIN INJECTION IN FM/NS/FM 
STRUCTURES 

In this section we consider a sandwiched structure 
that comprises a semi-infinite ferromagnet (x < 0), a 
nonmagnetic semiconductor with width xq, and a semi- 
infinite ferromagnet (x > xq). xq is assumed to be much 
shorter than the semiconductor intrinsic spin diffusion 
length L^ s \ as in most spintronic devices. The two fer- 
romagnets are otherwise identical with possible different 
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FIG. 4: Boundary resistance Rb as a function of electric field. 
Solid line is for structure with transparent interface. Dashed 
line is for structure with a spin-selective interfacial barrier, 
Gf = 2Gi — 10 7 (fi cm 2 ) -1 . Other parameters are the same 
as in Fig. 2. 



orientations of magnetization (parallel and anti-parallel). 
Electrons are injected from the left magnet to the semi- 
conductor and the electric field is antiparallel to the x- 
axis. The spin transport in the magnets is described by 
Eq. (2.16) with the following general solutions: 



eJ V Mi 



Cr 



(4.1) 



in the left magnet (x < 0), and 



1 



eJ V Mi 



Mi \ _ 



By 



Cr 



l/<7« 



(4.2) 



in the right magnet [x > xq). Here we use superscript or 
subscript L (R) to label the quantities in the left (right) 
ferromagnet. 

The spin-depende nt e lectro n de nsities in the semicon- 
ductor satisfy Eqs. (1.2) and (2.7), and the general solu- 
tions at < x < xq can be written as 



"1(1) = +(-) 



Aoe~ x/Ld + Aie^- X ^' L - 



(4.3) 



and therefore the electrochemical potentials for individ- 
ual spins are 



MT(i) = k B T\n 



l + H 



2A e- x / Ld + 2A 1 e ( - x ~ x °y L * 



no 



eEx — Bo- 



(4.4) 



The six unknowns in the above solutions, Aq, Ai, B , 
B±, Gl, and Cr, are determined by the following six 
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independent boundary conditions: where G^) and G^) are the spin-dependent conduc- 

tances at the left and the right interfaces, respectively. 

j T (0-) = G T [ m (0+)- Mi (0-)], (4.5a) 
i x (0-) = G i [ Mi (0 + )-/x 4 (0-)] ! (4.5b) 

ir(o~) - ^(0")=ir(o + )-ii(o + ), (4.5c) 

itOo") = G r\pr( x t) -MiC^o)]) ( 4 - 5d ) w fl , .. f . , . ,. f 

_ _ We find the two equations for the spin polarizations of 

j l (x+) = G;[m;«)-M;K)]> (4.5e) 

current at interfaces, a(0) and a(xo), by matching the 
j'|(Xq) — j'i (a:^) = j j (xq") — j| (xg"), (4.5f) above boundary conditions, Eqs. (4.5a-f), 



f ^(Gt+GJ g t -g x 
2G| G| 
p fl (G T +GJ 



_2G|G| 
G| - G| 



2G T G 



2G T G 



o(0)- 
a(x ) 



PL 



G T + G 



2G T G X (1-pIV/ 
2G T G 



feT l 
In — 



-21 



eEo L 
k B T 



In- 



-21 
- ^2 



^2 



where and are the spin polarization in the left and right magnets, respectively, and 

eE a(x )(L u + L d ) - a{0)(L u e x °/ L « + L d er^/ L ^) 



~2 



k B T e xa/L u _ e -x Q /L d 

eE a{xo)(L u e- Xo/Lu + L d e x «l L «) - a(0)(i u + L d ) 



k R T 



O x /L d 



-x /L u 



r 



(4.6) 



(4.7a) 
(4.7b) 



When a(0) and a(xo) are known, we can express the 
spin polarization of current in the semiconductor (0 < 
x < xq) as 



a(x) = a(0)- 



a(x )- 



-{x—xo)/Ld _ p (x—xo)/L v 



gXo/Ld 
-x/L d _ 



-x a /Lu 



x/L„ 



■x /L u 



-x /L d 



(4.8) 



and the spin polarization of density in the semiconductor 

(0 < x < xq) as 



P(x) 



-a(0) 
a(xo) 



eE L u e^ x ~ x ^l Ld +L d e { - x - Xa ^l L ^ 



k B T e xo/L d _ e -x /L u 

eE L u e- x ' Ld + L d e x l h * 



k B T e x °/ L ™ 



xo/L d 



(4.9) 



Figure 5 depicts the spin injection efficiency at the left 
interface (ao) as a function of electric field for the parallel 
configuration pl = pr = Pf and the anti-parallel config- 
uration pl = ~Pr = Pf- For structures with transparent 
interfaces (G^ 1 = Gj 1 = Gj 1 = Gj 1 = 0), we see that 
the spin injection in both configurations can be enhanced 
by orders of magnitude by increasing the field. In the 
low-field regime, spin injection can only be achieved in 
structures with the parallel configuration. In the high- 
field regime, spin injection from the left magnet into the 
semiconductor for both configurations are the same, in- 
dicating that only the magnet from which carriers are 
injected is important to the spin injection efficiency. 



For structures with transparent interfaces, spin polar- 
ization in the semiconductor a(x) can be expressed in 
compact forms in both the low- and high-field regimes. 
In fact, in the low-field regime, where xq <C L Ul L dl we 
reproduce Eq. (7) in Ref. ||, 



a(x) 



a 



2Lif) 



X 



(l-pj)a f 



{Pl+Pr)L^ 
(l-p})a f 



(4.10) 



for < x < xq. The above expression indicates that 
the spin injection strongly depends on the relative ori- 
entation of the two ferromagnetic metals: For the par- 
allel configuration, a(x) is finite; whereas for the anti- 
parallel configuration, spin injection is not possible. In 
this limit, the left magnet and the right one are equally 
important in determining spin injection. The magnitude 
of spin injection a is determined by the ratio of the ef- 
fective resistances in the magnet (L^'/df) and in the 
semiconductor (xo/a s ). For typical device parameters 
^ /°7 ^ ^o/csj and the spin injection efficiency would 
be extremely small due to this resistance mismatch. The 
spin polarization of density in this limit can be written 

as P(x) = —ai^jrpf^ L u L d . At the zero-field limit, the 

density difference between up-spin and down-spin elec- 
trons vanishes. 



On the other hand, in the high-field regime, L u and 
L d can differ by orders of magnitude, and usually L u <C 
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xq <C Ld- We find that in this limit, for < x < xq, 



a(x) 



L U) 



(l-pj)a f 



Lu 



PL 



Lit) 



(4.11) 



and P(x) = a\eE\L u /kBT ', which is close to a in the 
strong-field limit. We see that in the high-field regime, 
spin injection is locally determined by the magnet from 
which carriers are injected, and the "remote" magnet 
that collects the current becomes irrelevant in determin- 
ing the spin injection efficiency. Moreover, the effective 
resistance of the semiconductor to be compared with that 
of the magnet {L^/af) is L u /a s rather than xq/ct s . In 
this regime, the spin polarization of current and the spin 
polarization of density have similar amplitude. Thus in 
the high- field regime, according to Eq. (4.11), the spin 
injection behavior in the sandwiched FM/NS/FM struc- 
ture would be the same as in a simpler FM/NS structure. 
The reason that the second magnet becomes unimportant 
for spin injection in the high-field regime is that the influ- 
ence of the second magnet on spin transport in the semi- 
conductor is localized within the up-stream length (L u ) 
from the magnet. L u decreases with increasing field and 
would be much shorter than xq in the high-field regime. 

In Fig. 5, we also plot spin injection as a function 
of the electric field in structure with two identical spin- 
selective interfacial barriers between the magnet and the 
semiconductor. In the calculations it is assumed that 
Gf(n = Crfm 7^ for the parallel configuration, and 
Gj(j) = Gj(j) =/= for the anti-parallel configuration. 
We see that the electric field substantially enhances spin 
injection in structures with spin-selective interfacial bar- 
rier. In the high-field regime, as in the transparent case, 
spin injection from the left magnet into the semiconduc- 
tor does not depend on the orientation of the right mag- 
net. 



SPIN INJECTION IN FM/NS/NS 
STRUCTURES 



In semiconductor spin injection structures, a highly 
doped nonmagnetic semiconductor (NS + ) is often placed 
near the magnet interface to overcome the Schottky bar- 
rier between a magnet and a semiconductor. This con- 
figuration is also intrinsic to FM/InAs, where densely 
occupied surface states form at the interface. Here we 
consider an injection structure that comprises a semi- 
infinite magnet (x < 0), a finite nonmagnetic semicon- 
ductor with conductivity a s and carrier concentration no 
(0 < x < xq), and a semi-infinite nonmagnetic semicon- 
ductor with conductivity a s and carrier concentration no 
(x > xq). The electrochemical potentials in the magnet 
satisfy Eq. (2.16), a nd th e ele ctron densities in semicon- 
ductors satisfy Eqs. (1.2) and (2.7). The general solution 
of the electrochemical potentials in the magnet and the 
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FIG. 5: Spin injection efficiency Qo as a function of electric 
field. Solid and dashed lines correspond to parallel configu- 
ration (pl = pr = Pf) and anti-parailef configuration (pl = 
— PR = Pf), respectiveiy. The fower curves are for structure 
with transparent interface. The upper curves are for structure 
with a spin-seiective interfaciai barrier, Gj = 2G| = 10 7 (Q 
cm 2 ) -1 . Other parameters are pf = 0.5, L^' = 60 nm, 
x = 1 /urn, L {s) = 2 jum, and a s = 100 a s = 10 3 (fi cm) -1 . 



semiconductors can be written as 



J_( Mt 

e J V tH 

for x < 0, 



MTU) = k B T]n 
eJx 



J \ 1 



C 



-v4 



i + H 

B 



(5.1) 



n 



(5.2) 



for < x < xq, and 



MTU) 



= fepTln 



i + H 



2A 2 e- ( - x ~ Xo ^ Ld 
ho 



eJx 



-B 1 
(5.3) 



for X > Xq. 

Here we consider structures without interface re- 
sistance between two semiconductor regions, and the 
boundary conditions are given by Eq. (4.5a-f) with 
GT 1 = GJ 1 = 0. These equations completely determine 
the six unknowns, Ai (i = 0, 1,2), Bi (i — 1,2), and C, 
in expressions of Eqs. (5.1)-(5.3). 

We obatin an equation for z = a(xo), the spin polar- 
ization of current at the interface between the two semi- 
conductors, 
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k B T -k B Ta s /eJL u + (a + b)z 
eJ -k B Ta s /eJL u - (a + b)z 
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where J = cr,i? = cr,£', and 
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Figure 6 illustrates the spin injection efficiency a(xo) 
as a function of the total electric current J. We see that 
in the low-field regime, the conductivities of both semi- 



conductors are important to determine spin injection. As 
the total effective resistance (xq/ 'a s +L^ / cr g ) of semicon- 
ductors decreases, the spin injection efficiency increases. 
With increase of the current or the field, spin injection 
can be enhanced considerably. Moreover, in the strong- 
field limit, the spin injection efficiency will be determined 
by the total current flowing into the semiconductors. 

In fact, at the zero-field limit, where L u = L d = L\"\ 
L u = L d = L^"\ and xq <C L^ s \ a(xo) can be written as 
a simpler form, 



J 



a(xo) 



L (f) 



(l- P })a f 



Gf + Gj 
4G T G X 



a s XpL^ 
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x 



L U) 



Pf 
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Gt — G 



(l-p})a f 4Gf G^ 



(5.5) 



which shows that the ratio between the total effective 
resistance of the two semiconductors, xo/c s + L^- s '/a s , 
and that of the magnet, L^'/er/, together with the spin- 
selective interfacial barrier between the ferromagnet and 
the semiconductor, determines the spin injection effi- 
ciency. On the other hand, at the strong-field limit, 
where L u = k B T/\eE\, L u <C L d and L u <C x n <C L d , 
a(xo) can be expressed in a even more compact form, 



a(x ) 



L (f) 
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L U) 
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k B T ^ G T +G l 
|eJ| 
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PfWf 
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(5.6) 



which indicates that in FM/NS/NS structures spin in- 
jection is controlled by the total current flowing into the 
semiconductors and a distinction between the two semi- 
conductors becomes unimportant. 



VI. FIELD-DEPENDENT 
MAGNETORESISTANCE IN MS/NS/MS 
STRUCTURES 

In MS /NS /MS structures a strong positive magnetore^j 
sistance effect has been observed at low temperatures.Lj 
As the applied magnetic field is changed from to ~ 2 T 
the spin polarization in a magnetic semiconductor can 
change at low temperatures from to ~ 100%. 



Electric-field dependence of the magnetoresistance can 
be expected based on the different spin injection behav- 
iors in the high-field regime and in the low-field regime 
discussed in Sec. IV. In the low-field regime, the densi- 
ties of up-spin and down-spin electrons in a nonmagnetic 
semiconductor remain the same even in the presence of 
a fully spin-polarized current. Thus in the semiconduc- 
tor only half of electrons contribute to the conductance 
if the current is 100% spin-polarized, and the resistance 
of the semiconductor should be twice of that for a un- 
polarized current. Hence the semiconductor resistance 
strongly depends on the spin polarization of the current 
in the low-field regime. In the high-field regime, how- 
ever, the spin polarization of density P is close to the 
spin polarization of current a. Therefore if the current is 
100% spin-polarized, the electron density would be also 
fully spin-polarized, and all electrons would contribute 
to the conductance. Hence in the high-field regime, the 
semiconductor resistance is only weakly dependent on the 
spin polarization, and the magnetoresistance vanishes. 

Here we calculate how the magnetoresistance depends 
on the electric field. The magnetic semiconductor we con- 
sider her e is d egenerate and its spin transport is described 
by Eq. ( 2.16| ). Thus all results obtained in Sec. IV are 
also applicable to the MS/NS/MS structures. We also 
assume that the interfaces between the two materials are 
transparent, i.e., zero interface resistance. The magneti- 
zations of the two magentic semiconductors are identical 
and parallel, pl — Pr — p(H), which are zero in the ab- 
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FIG. 6: Spin injection efficiency as a function of total electric 
current. Solid, dashed, and dot-dashed lines correspond to 
{a s ,a s ) = (10,1), (1,10), and (10,10) (SI cm) -1 . The lower 
curves are for structure with transparent interface. The up- 
per curves are for structure with a spin-selective interfacial 
barrier, Gf = 2Gj = 10 7 (fl cm 2 ) -1 . Other parameters are 
p f = 0.5, L (/) = 60 nm, L (s) = L (s) = 2 /im, and a f = 10 3 (SI 
cm)" 1 . 



sence of external magnetic field and finite for a given 
external magnetic field H. The resistance of the non- 
magnetic semiconductor, R, would depend on the spin 
polarization in the magnetic semiconductors because of 
spin accumulation at the heterostructure interfaces, and 
is therefore also a function of the external magnetic field. 

The resistance of the nonmagnetic semiconductor can 
be calculated via 



R 



_ MoQo) - Mo) 
eJ 



(6.1) 



which certainly would be i?(0) — xo/a s when attached 
to unpolarized magnetic semiconductors (zero magnetic 
field). The resistance in the presence of spin-polarized 
magnetic semiconductors with x <C can be ex- 

pressed as 



R(H) ~ x /a s 



[1-P 2 (H)K 



2p(H) - ot(0) - a{x 

(6.2) 



Here a(0) and a(xo) are the spin polarization of current 
at the left and right interfaces, the spin diffusion 

length in the magnetic semiconductor, and a m the con- 
ductivity of the magnetic semiconductor. In the low-field 
regime, according to Eq. (4.10), we find that the magne- 
toresistance 



AR 
~R 



R(H) - R(Q) 

W) 



P 2 (H)| 



[1 -p 2 (H)]a m x Q 



FIG. 7: Magnetoresistance AR/R as a function of electric 
field. Solid, dashed, and dot-dashed lines correspond to 
p(H) = 0.99, 0.9, and 0.8, respectively. Other parameters 
are xq — 1 /im, l/ m ' = 60 nm, l/ s ' = 2 fim, and a m = a a . 



This can be significant for an MS/NS/MS structure be- 
cause of the large p(H) [p(H) ~ 1] and small con- 
ductivity [p m ~ cr s ) in magnetic semiconductors. We 
would like to point out, however, that for ferromag- 
netic metal/semiconductor/ferromagnetic metal struc- 
tures, the magnetoresistance is usually too weak to de- 
tect due to the conductivity mismatch between metals 
and semiconductors (cr m 3> <r s ). 



In the high-field regime, by using Eq. (4.11) we express 
the magnetoresistance as 



AR _ 2p 2 (H) 
R xq 



J_ [l-p 2 (H)K 
L u 



(6.4) 



(6.3) 



We see from the above expression that the effect of the 
electric field on the magnetoresistance can be described 
in terms of the field-induced up-stream spin diffusion 
length. Increasing the electric field will decrease the 
magnetoresistance because L u decreases with the elec- 
tric field. Figure 7 illustrates the magnetoresistance as 
a function of electric field for an MS/NM/MS struc- 
ture. We see that with increasing electric field the mag- 
netoresistance diminishes. For example, if the parame- 
ters are chosen as follows: xq = 1 /im, L(™) = 60 nm. 

— 2 ^m, <r m = <j s , and p(H) = 0.99, the magne- 
toresistance AR/R decreases from 83% at zero field to 
5.3% at \eE\/k B T = 0.05 mrr 1 , or E = 125 V/cm for 
C7 S = 10 (fi cm)" 1 at T = 3 K. 



VII. CONCLUDING REMARKS 

In summary, we have derived a general drift-diffusion 
equation for spin polarization in both degenerate and 
nondegenerate systems by consistently taking into ac- 
count electric-field effects. We have demonstrated that 
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as a system changes from degenerate to nondegenerate, 
the electric field becomes more and more important in 
spin transport. We have identified a high-field diffusive 
regime in nondegenerate semiconductors which has no 
analogue in metals. In this regime, there are two distinct 
spin diffusion lengths, i.e., up-stream and down-stream 
spin diffusion lengths. 

We have applied this more general drift-diffusion equa- 
tion for spin polarization to several typical injection 
structures encountered in semiconductor spintronic de- 
vices to study the spin injection behavior in these struc- 
tures and the effects of electric fields. The high-field de- 
scription of the spin transport in semiconductors predicts 
that the electric field can effectively enhance spin injec- 
tion from a ferromagnet into a semiconductor. For struc- 
tures with a spin-selective interfacial barrier we find that 
the electric field further enhances spin injection substan- 
tially. The combination of the field enhancement and the 
interface enhancement of spin injections may help us to 
obtain a comprehensive understanding of observed large 
spin injection in a variety of FM/NS, FM/NS/FM, and 
FM/NS/NS structures and current-dependent spin injec- 
tion. 

The consequences of spin injection into a semiconduc- 
tor in the high-field regime are qualitatively different 
from those in the low-field regime. A high-field injec- 
tion creates a notable density difference between up-spin 
and down-spin electrons and the spin polarization of den- 
sity has a similar value as the spin polarization of cur- 
rent. In contrast a low-field injection does not create 
an appreciable density difference between up-spin and 
down-spin electrons, and the spin polarization of current 
is quite different from the spin polarization of density. 
One consequence of these different spin injection behav- 
iors is that for sandwiched FM/NS/FM structures the 
high field destroys the symmetry between the two mag- 
nets at low fields, where both magnets are equally impor- 
tant to determine spin injection. The efficiency of spin 
injection into semiconductors in the high-field regime is 



"locally" determined by the magnet from which carriers 
are injected into the semiconductor and the magnet that 
collects the carriers becomes irrelevant. Another conse- 
quence is that for FM/NS/NS structures spin injection 
efficiency in the high-field regime is only determined by 
the total injected electric current and the distinction be- 
tween the semiconductors becomes unimportant. 

We have also examined the electric-field effect on mag- 
netoresistance in MS/NS/MS structures. In the low-field 
regime, the magnetoresistance in an MS/NS/MS struc- 
ture can be significant, as reported in Ref. [L4|. With in- 
creasing electric field, the magnetoresistance diminishes 
quickly. The underlying physics is that in the high-field 
regime the spin polarization of density is similar to the 
spin polarization of current in the nonmagnetic semicon- 
ductor and all electrons contribute to the conductance in 
the presence of spin-polarized current in contrast to half 
of electrons in the low-field regime if the current is fully 
polarized. Thus in the high-field regime, the resistance of 
the nonmagnetic semiconductor only weakly depends on 
the spin polarization of current and the magnetic field, 
giving rise to a diminishing magnetoresistance effect in 
the high-field regime. 

Our calculations in this paper present a broad pic- 
ture of electric field-dependent spin transport and spin 
injection phenomena into semiconductors. Our theory 
also provides physical insight into the field-induced en- 
hancement of spin injection as well as the electric field- 
dependent magnetoresistance and suggests high-field in- 
jection as a simple way to amplify spin injection into 
semiconductor spintronic devices. 
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